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ABSTRACT 

We study the evolution of galaxies inside and outside of the group environment since z = \ using 
a large "well defined set of groups and galaxies from the zCOSMOS-bright redshift survey in the 
COSMOS field. The fraction of galaxies -with early-type morphologies increases monotonically -with 
Mb luminosity and stellar mass and "with cosmic epoch. It is higher in the groups than else"where, 
especially at later epochs. The emerging environmental effect is superposed on a strong global mass- 
driven evolution, and at z ~ 0.5 and log(Af,/M0) ~ 10.2, the "effect" of group environment is 
equivalent to (only) about 0.2 dex in stellar mass or 2 Gyr in time. The stellar mass function of galaxies 
in groups is enriched in massive galaxies. We directly determine the transformation rates from late 
to early morphologies, and for transformations involving colour and star-formation indicators. The 
transformation rates are systematically about t"wice as high in the groups as outside, or up to 3-4 
times higher correcting for infall and the appearance of ne'w groups. The rates reach values, for 
masses around the crossing mass 10^°'^ M©, as high as 0.3 - 0.7 Gyr~^ in the groups, implying 
transformation timescales of 1.4 - 3 Gyr, compared "with less than 0.2 Gyr~^, i.e. timescales > 5 Gyr, 
outside of groups. All three transformation rates decrease at higher stellar masses, and must decrease 
also at the lo"wer masses belo-w 10^° Mq -which we cannot ■well probe. The rates involving colour 
and star- formation are consistently higher than those for morphology, by a factor of about 50%. Our 
conclusion is that the transformations "which drive the evolution of the overall galaxy population since 
z ^ 1 must occur at a rate 2-4 times higher in groups than outside of them. 

Subject headings: galaxies: clusters: general - galaxies: evolution - galaxies: high-redshift - galaxies: 
luminosity function, mass function - galaxies: structure 
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1. INTRODUCTION 

Galaxies exhibit a range of morphologies that reflect, 
at least in part, basic structural differences, such as 
the presence of disks, spheroids and bars, as "well as 
differences in the visibility of the spiral arms due to 
for instance the rate of star-formation. The commonly 
used morphological classification follo"ws the Hubble se- 
quence of elliptical, SO, spiral, barred spiral and ir- 
regular galaxies, "with various subclasses (Hubble 192^, 
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119361 : ISandagd Il961f ) . Galaxy morphology is undoubt- 
edly a complex phenomenon reflecting different physical 
processes operating within and around a given galaxy. 
There are several underlying correlations involving mor- 
phology. At least up to z ~ 1, early type galaxies 
are observed to be redder, older, more luminous and 
more massive than spiral and irregular galaxies (e.g . 



Beh et al.l[200l 



Bolzonella et al.l 



Bundv et all 120061 : iPozzetti et al.ll25oa 
2009t ). The fraction of rotationally sup- 



ported early type galaxies is about 60% and it does 
not change significantly between z ~ 1 and 2; ~ 
(jvan der Wei fc van der Marei2008l ). There are also sys- 
tematic differences in the interstellar medium content. 
In the Local Universe, where HI systematic measure- 
ments are available, only a handful of elliptical galax- 
ies have HI detected, against the plethora of spirals 
and irregulars, reflecting the much smaller HljM^ ra- 
tios in ellipticals cornpared with later type galaxies (e.g. 
iHavnes fc Giovanelli|[l98l iNoordermeer et al.ll2OO50 . 

It has been known for many years that the observed 
mix of different morphological classes at the present 
epoch also depends on the galaxian environment. Early 
type morphologies are preferentially found in dense, 
cluster-like regions. This idea can be traced back to 
Hubble, but the major impact on the astronomical 
community start ed after Dress ier 's study of 55 nearby 
galaxy clusters (|Dressleil Il980l l . The existence of the 
morphology-density relation is presumably linked to the 
physical processes which govern the star formation (and 
morphological transformation) of galaxies and the con- 
nection of these to the environments of individual galax- 
ies. 

After the establishmen t of the morph ology-density re- 
lation in clusters (e.g. iDressled Il980( l. the existence 
of the relat ion wa s extended to the group environ- 
ments (e.g. iPostman fc Gell er 1984) at low rcdshift. 
Later, the evolution with redshift was measured (e.g. 
Dressier et"all 119971: IPostman et"all l2005t iFasano et all 



2OOOI: iDesai et al.l 12007(1 There is evidence that the 



evolution in intermediate-density environments has oc- 
curred more recent ly than in high-density environments 
(jSmith et al.l[200l . Also, it appears that the morpho- 
logical mix of cluster early-types has chan ged with time 
(jFasano et all 120001 : IPostman et"aH l2005f ) . Ultimately, 
understanding the origin of the morphology-density re- 
lation can help to disentangle the relative roles of nature 
(conditions at epoch of galaxy formation) and nurture 
(environment dependent processes) in determining the 
properties of galaxies. 

It is known that galactic mass also plays a major role 
in determining the properties of galaxies, since both 
colour, specific star-formation rates and morphologies 
are stro ngly correlated with th e stellar mass of galax- 
ies (e.g. iKauffmann et all l2003f l. The recent evidence 
that the stellar mas s function of galaxie s itself depends 
on th e environment ijBaldrv et a l. 2006; Bolzonella et al.l 
|2009| ) complicates the separation of the relative roles of 
mass (which could be regarded as "nature" ) and of envi- 
ronment ("nurture"). This linkage also complicates the 
interpretation of environmental effects in any sample of 
galaxies that contains a significant range of masses, since 
different environments will contain, within such a sam- 
ple, a different mix of masses. This in turn can easily 
produce the appearance of a "spurious" environmental 



dependence throug h the dependence of galaxian prop- 
erties on ma ss (see lTasca et al.ll2009l and lCucciati et al.l 
lsubmitted_al for a discussion). 

Several physical processes have been suggested which 
could enhance the transformation of late to early type 
gala xies (and star-forrning to quiescent) in dense regions 
(see lBoselli fc Gavazzill2006l for a recent review of these 
processes). Mergers and interaction s with other galax- 
ies or with the clus ter potential (e.g. iToomre fc Toomri 
II972I : iBarnesI Il988l ) are purely gravitational processes. 
Galaxy harrasment combines the cumulative effect of 
the interaction of galaxy with close neighb ours with the 
interaction of the total cluster potential (jMoore et al.l 
[1991 . Ram pressure stripping may be responsible for 
the removal of the cold gas when a galaxy in fall s with 
high velocity into a dense medium (|Gunn fc Gott]n~972l : 
iQuihs et al.ll2000h . While ram-pressure stripping is ex- 
pected t o be most effecti v e in the dense intracluster 
medium, iRasmussen et al.l (j2006D have shown that gas 
stripping by the intragroup medium may also be rapid 
enough to transform late types to SOs over a few Gyrs. 
Strangulation (or starvation) is a process that may re- 
move a halo of hot diffuse gas after a ga laxy becomes 
a sat e llite in a larger dark m at ter halo (iLarson et al.l 
[19801: iBalogh feJlOTrii [2OO0I) . iBamford et al.l (|2009r) 
summarised these processes in to two broad categories: 
(a) those processes which will quench star formation and 
act on morphology passively, through the fading of spiral 
arms and reduction of the prominence of the disc after 
star formation has stopped (e.g. strangulation), and (b) 
those processes which will directly affect the stellar kine- 
matics and galactic structure and also lead to a cessation 
of star formation (e.g. mergers). While both categories 
can produce SOs, only the second one can produce true 
elliptical galaxies. 

One way to assess the relevance of a type- 
transformation process is to constrain its timescale. 
However, there are number of timescales related to a 
given process, and the interpretation of an observed 
transformation rate is not necessarily unique. We here 
differentiate between the following timescales. The 
"physical timescale tp" is a measure for a duration of 
the transformation of an individual galaxy. For exam- 
ple, the of the morphological transformation would be 
the average time which elapses since the beginning of the 
morphological transformation, when a galaxy would still 
be classified as late, till the point in its evolution when it 
will be classified as early. Sometimes it is more relevant 
to express the transformation in a probabilistic sense, as 
in radioactive decay. We can then quantify how long it 
will take (on average) for a galaxy of a given class before 
it gets transformed to a galaxy of some other class. This 
is a "statistical timescale" ta^ which is just the inverse 
of the average transformation rate. Finally, there is an 
observed "rate timescale" tr^ (obtained as the inverse of 
the observed rate), based on the real observations, whose 
meaning depends on its relation to the other timescales. 
If ip ^ t,,, then t,j will be of order t^. However, if tp is 
of order then will be more a measure of tp. The in- 
terpretation of the observed therefore depends on the 
physical timescale tp. 

In this paper, the main aim is to study the changes in 
the morphological mix of galaxies in group environments 
that have occurred in the time interval between z ~ 1 
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down to z ~ 0.1. Our primary goal is to understand the 
role of the group environment in the transformation of 
galaxies over this redshift range. We carry out the analy- 
sis by measuring the redshift evolution of the fraction of 
galaxies with early type morphologies in the total popu- 
lation of galaxies of a given luminosity or stellar mass in 
three different environmental samples: group, field and 
isolated galaxies. This leads us to construct the morpho- 
logical transformation rate, normalised to the number 
of galaxies in the "pre-transformation" state (i.e. late 
morphological type) in different environments and quan- 
tify the timescales of the morphological transformation 
in different environments. We then compare these rates 
with the equivalent ones defined by overall colour and by 
star-formation rate indicators, that reflect the quenching 
of star-formation activity. Determination of the transfor- 
mation rates, i.e. of the flux of galaxies crossing through 
a chosen dividing line, should be less sensitive to the ex- 
act values chosen to divide galaxies into different classes 
than for example the quantity which reflects directly the 
partitioning into these classes of galaxies (such as cross- 
ing or transition mass defined as the mass at which two 
classes are equally partitioned). 

The analysis is _ based on the COSMOS field 
(jScovillc ct al. 2007a), relying heavily on the zCOSMOS 
data (Lilly ct al. 2007, 2009) necessary for the precise, 
small-scale definition of environment on the scale of 
groups. This paper is closely related to the number 
of other studies based on the data in the COSMOS 
field that have been aimed to address the complex in- 
terplay between galaxy properties and environment up 
to 1 — 1.5. A complementary anal ysis exploring 

galaxy colours in the group cat alogue of iKnobel et alj 
( 20091) is presented in | Iovino et a l. (2009). Scovillc et al. 
J2007bf): I Capak et al.l (l2007af): iGu zzo ct alj (|2007ll : 
ICassata et al. (2007frand lldeue et a l. (2009) study the 
galaxy property-environment relation usi ng the dataset s 
based on the photometric re dshi fts. .Tasca et al.l (l2009l) : 
ICucciati et al.l (|submitted_af ) and lBolzonella et al] ()2009D 
extend this study by using high precision spectr oscopic 
redshi fts and the continuous density field of Kova c et al.l 
(|2009^. Moreover, the environmental dependence of spe- 
cific galaxy populations has been addresse d in separate 
studies, e.g. infrare d-luminous galax i es in i Caputi et al.l 
(|2009[ ). AGNs in [Silyerman etaT' (2009') and post- 
starburst galaxies in [Vcrgani ct al. (2009). The rela- 
tion between the galaxy distribution and tha t of the un- 
derlying ma tter density field is explored in .Kovac et al.l 
(jsubmittedl ) . 

Throughout the paper we use a concordance cosmology 
with f7™ = 0.25, f^A = 0.75 and = 70 km s-^Mpc^^. 
Magnitudes are given in the AB system. 

2. THE ZCOSMOS SURVEY 

2.1. Details of the survey 

COSMOS [Scoville et all ()2007af) is a multi- wavelength 
survey of a 2 square degree equatorial field, observed so 
far by the major earth and space based facilities, e.g. 
Hubbl e, Spitzer, Galex , Chandra, Subaru. The zCOS- 
MOS (jLillv et al.l l2007t ) is a spectroscopic redshift sur- 
vey in this field carried out with the VIMOS spectro- 
graph on the ESO UT3 8-m VLT. The zCOSMOS-bright 
part of the survey is flux limited at Iab < 22.5, and 
will ultimately obtain over 20,000 spectra. At this flux 



limit, the redshifts of the majority of the observed galax- 
ies fall in the range < z < 1.4. A higher redshift 
range, 1.4 < z < 3 is targeted in the zCOSMOS-deep 
programme. Here, we use the first 10,000 spectra from 
the z COSMOS-bright, which we refer to as the "10k sam- 
ple" (jLillv et al.ll2009f ). The high-quality photometry in 
the COSMOS field also allows us to derive accurate pho- 
tometric redshifts, with an uncertainty of 0.023(1 -|- z) or 
better. These are used to unde rstand the spect roscopic 
completeness of the survey fsee lLillv et al.l [20091 ). 

The rest-frame absolute magnitudes of all Iab < 
22.5 targets are measured using the spectral energy 
distribution (SEP) fitt ing employing the ZEBRA code 
(|Feldmann et al.l 120061 ). The magnitudes are obtained 
as the best fit norm alised to each galaxy photometry 
(jCapak et al.ll2007H ) at th e best available redsh ift, spec- 
troscopic or photometr ic (jOesch et al.llin prepl . see also 
IZucca et al.l Isubmittedl ). Stellar masses M* are ob- 
tained from fitting stellar population synthesis models 
to the SEP of the obs erved magnitudes as described in 
iBolzonella et al.l (|2009f) and lPozzetti et all (p009). using 
the best available re dshift. Stellar masses whic h we use 
are obtained with the lBruzual fc Chariot! (I2003f) librarie s 
and the Chabrier initial mass function (jChabrieij|2003[) . 
the lCalzetti et al.l ()2000t) extinction law with < < 3 
and solar metallicities. The assumed star formation his- 
tory (SFH) is decreasing exponentially with a time scale 
r, taking values from the interval 0.1 < r < 30 Gyr. 
The stellar mass is obtained by integrating the SFH over 
the galaxy age, from which the mass of gas processed 
by stars and returned to the interstellar medium during 
the ir evolution ("return fra ction") has been subtracted. 
See IBolzonella et al.l (|2009l ) for more details. 

2.2. The zCOSMOS 10k group catalogue 

The details of our group-findi ng algorithm and the 
group catalogue is presented in IKnobel et al.l ([2009). 
Here, we outline only the most important points regard- 
i ng the group c at alogu e. 

IKnobel et al.l (|2009[ ) combine two standard group 
searching algorithms: Friends-Of-Fricnds (FoF) and the 
Voronoi-Pelaunay method (VDM) to define groups in the 
10k zCOSMOS. The group finding parameters are opti- 
mised based on the tests on the COSMOS mock cata- 
logues (jKitzbichler fc Whitil2007| ) designed to match the 
geometrical and sampling properties of the 10k zCOS- 
MOS catalogue. IKnobel et al.l (|2009l) also developed a 
new "multi-pass" strategy that optimises group finding 
over a range of richnesses by first optimising for the 
largest groups and then subsequently moving down to 
groups with a smaller number of observed members. 

The group catalogue which we use in this work is the 
so-called "one-way-matched" catalogue, which is the in- 
tersection of the independently created FoF and VDM 
catalogues. In total, there are 800 groups with at least 
two members in the current "lOk-sample" . Over 100 of 
these groups have at least 5 spectroscopically observed 
members. 

Extensive compari s ons w ith the mock catalogues 
([Kitzbichler fc White! 12007!) has established that the 
zCOSMOS 10k group catalogue has a relatively high pu- 
rity and completeness - 82% and 81% respectively for 
groups with A'^ > 5, and only marginally lower for the 
poorer groups. It should however be appreciated that 
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Fig. 1. — Properties of the zCOSMOS groups (0.1 < z < 1) used for the current analysis. Left: Distribution of the "corrected richness", 
i.e. the number of members corrected for sampling incompleteness, above Mb < —20.5 — z. Right: Distribution of the estimated halo 
masses for the zCOSMOS g roups shown on the left. The halo masses are estimated by comparison with the COSMOS mock catalogues of 
IKitzbichler fc White! ll2007t) . The majority of the groups have less than 10 corrected Mg < —20.5 — z members and masses in the range 
12 < log{M£)jvf/M0) < 14, emphasizing that the sample involves cosmic structures well below the masses of rich clusters of galaxies. 



these numbers are based on comparisons with the ideal 
group catalogues that could have been constructed (with 
two or more spectroscopic members per group) from a 
sparsely sampled "lOk-like" sample, rather than the ac- 
tual set of all groups in the COSMOS volume. As a 
result, some of the galaxies that are not currently placed 
in a group are nevertheless likely to be in a group which 
will be identified in the future with the higher sampling 
of the full survey. The current "non-group" sample will 
therefore contain some "group" galaxies, and this con- 
tamination will act to reduce observed differences be- 
tween group and non-group populations. Partly for this 
reason, as discussed below, we will usually use the entire 
galaxy population that we have observed spectroscop- 
ically, selected without regard to environment, as our 
control sample. This also reflects the traditional defini- 
tion of a "field sample" . 

Due to the non- unifor m sampling scheme of t he current 
10k zCOSMOS survey (iLillv et all 1 2 (M 12009^ . the frac- 
tion of group members observed (as well as the chance of 
recognising the poorer groups) will be a function of posi- 
tions on the sky. We therefore correct the observed num- 
ber of members for each group by the overall sampling 
fraction of the survey at that location, taking into ac- 
count both the spatially variable spectroscopic sampling 
rate and the redshift-dependent success rate in yielding 
a high confidence reds hift (using the corrections derived 
in lKnobel et al.l [2009( 1. We will refer to this as the cor- 
rected richness, which is the estimated true number of 
members above the flux-limit of the survey. For any 
given physical group, this corrected richness will vary 
with redshift due to the changing luminosity limit that is 
associated with the observed /-band limit. We can deal 
with this by considering groups with a given corrected 
richness above some fixed luminosity- limit, allowing this 
limit to evolve with redshift to account, as best we can, 
for the luminosity evolution of individual galaxies. We 



refer to such a set of groups as a "volume- limited" sam- 
ple in that it should contain all groups of a given type, 
but still this sample could be potentially affected by the 
so called "progenitor bias" since infall of new members 
will produce new groups in this volume-limited sample 
at later epochs. Moreover, given that the original group 
catalogue is generated from a flux limited sample, there 
will be a slight bias with redshift because poor groups are 
more difficult to detect at high z than at low z. How- 
ever, the distribution of corrected richness with redshift 
is rather flat, reassuring us that this effect is minor. 

The distribution of corrected richnesses using the lu- 
minosity limit Mb < —20.5 — 2; in 0.1 < 2 < 1 is shown 
in the left panel in Figure [1] The majority of the 10k 
zCOSMOS groups have less than 10 members (corrected 
f or sampling) a b ove M b < —20.5 — z. 

iKnobel et al.l (|2009f ) also give estimates for the ob- 
served veloci t y dis persion for groups with N > 5. 
IKnobel et all (|2009f ) also give an estimate of the virial 
mass of the dark matter (DM) halo for all of the groups 
by assigning a halo mass to each group using the em- 
pirical relation between the halo mass and the corrected 
observed ri chness, calibrated a t each redshift on the mock 
catalogues (Kitzbichler & White 2007) . The distribution 
of these estimated halo masses for the zCOSMOS groups 
with corrected richness of at least two members with 
Mb < —20.5 — z detected in 0.1 < z < 1 is shown in 
the right panel in Figure [H The groups which we are 
using for the analysis typically have halo masses in the 
range 12 < \og{MDM /Mq) < 14. This emphasises that 
the zCOSMOS volume to z ^ 1 does not contain rich 
clusters of galaxies. 

2.3. Isolated galaxies 

In parallel, we measure the morphological mix of galax- 
ies in a sample of isolated galaxies, to further highlight 
the possible environmental segregation of galaxy nior- 
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phological types. We use for this purpose the sa mple of 
isolated galaxies defined by llovino et al.1 ()2009l ) as fol- 
lows. First, the Voronoi volume is estimated for each 
galaxy in the zCOSMOS flux hmited Iab < 22.5 sam- 
ple in the area deflncd by 149.57 < RA < 150.41 deg 
and 1.76 < DEC < 2.68 deg in 0.1 < z < 1. These 
Voronoi volumes are normalised by the median Voronoi 
volume in Az = 0.2 centred at each galaxy redshift, 
to correct for the changing mean-intergalaxy separation 
with redshift. Galaxies with the highest quartile of the 
normalised Voronoi volume are defined as the isolated 
galaxies. Moreover, galaxies with too large Voronoi vol- 
umes with respect to the normalised mean Voronoi vol- 
ume (~ 10% of the preliminary sample of isolated galax- 
ies), most probably affected by the survey borders, and 
galaxies detected to be in groups 14% of the pre- 
liminary sample of isolated galaxies) are removed from 
the sample. Based on the Iab < 22.5 mock catalogues, 
about 90% of the galaxies defined as isolated using the 
described procedure should be the single occupants of 
their haloes. 

2.4. Field galaxies 

Following original practice, we refer in this paper to 
a "field" sample as being all galaxies selected without 
regard of environment. In the comparisons of the various 
relations, the field sample will always be chosen to match 
exactly the selection of the group and isolated samples 
of galaxies as regards all non-environmental parameters, 
e.g. luminosity, mass, type, redshift etc. 

2.5. Morphologies 

The COSMOS field is the largest contiguous field 
covered by HST ACS images. The HST observations 
(jKoekemoer et al.ll2007t ) were taken in the F814W filter. 
The ACS imaging allows the possibility to derive robust 
structural parameters and to confidently morphologically 
classify all galaxies into 'Hubble types' down to about 24 
mag (and possibly deeper), well below the flux limit of 
zCOSMOS-bright. 

Here we use the structural parameters and morpho- 
logical classification based on the Zuric h Estimator of 
Struct ural Types (ZEST) and presented in lScarlata et al.l 
(|2007t l. The ZEST classification scheme is based on a 
principal component analysis of five non-parametric di- 
agnostics of galaxy structure: asymmetry A, concentra- 
tion C, Gini coefficient G, the second-order moment of 
the brightest 20% of galaxy pixels M20 and the ellipticity 
e. The morphological classification is performed in the 
space of the first three eigenvectors, which contain most 
of the variance of the original non-parametric quanti- 
ties. At each point in the three-dimensional eigenvector 
space, a morphological class is assigned based on eye-ball 
inspection and the median Sersic index of all the galaxies 
in that cell. 

Galaxies are classified by ZEST into ellipticals, disk 
and irregular galaxies. The disk galaxies are further split 
in four bins, namely bulgeless, small-bulge, intermediate- 
bulge and bulge-dominated disk galaxies. 

In the following we consider as "early-types" all galax- 
ies that are classified by ZEST as either 'elliptical' or 
'bulge-dominated' systems, i.e. specifically ZEST Classes 
1 and 2.0. All other ZEST types are together considered 
to be "late-type" galaxies. In terms of the conventional 



Hubble classification scheme, our division would proba- 
bly be between Sa and Sb. 

3. SAMPLE DEFINITION 

While there are about 40,000 galaxies in the zCOS- 
MOS field which satisfy the survey selection criteria 
Iab < 22.5 mag (the "40k sample" catalogue), at the 
current stage of the project only about 10,000 spectra 
(10k sample catalogue) have been obtained. In this sam- 
ple every redshift has been assigned a quality fiag based 
on the confidence of the measured spectroscopic redshift. 
This quality flag is calibrated using both the repeatabil- 
ity of the spectroscopic measurement and the consistency 
of th e p hotometric reds hift estimates (see iLillv et edi 
120071 and lLillv et al.ll2009 l for more details) . In this paper 
we use all galaxies with spectroscopic confidence class 3 
and 4 and all galaxies with a lower spectroscopic confi- 
dence class but whose spectroscopic consistent with their 
rather accurate photometric redshift. The sample con- 
sists of 8478 galaxies, representing overall 88% of the 10k 
zCOSMOS-bright sample a.t z < 1.2, increasing to 95% 
for 0.5 < z < 0.8, with an overall redshift reliability of 
98.6%. We refer to this sample as the high confidence 
class 10k sample (HCC 10k). 

Due to the inhomogeneous sampling of galaxies with 
spectroscopic redshifts, we limit our analysis to the 
zCOSMOS region defined by 149.55 < RA < 150.42 deg 
and 1.75 < DEC < 2.70 deg, in which the sampling is 
both higher and more homogeneous. The area is slightly 
smaller for the isolated galaxies, see Section [273]) . This is 
the same region as used by lovino et al. (submitted) for 
a parallel analysis which investigate the colour segrega- 
tion of galaxies in groups (e.g. see Figure 1 in lovino et 
al. submitted). 

3.1. Correction for the spectroscopic incompleteness 

In zCOSMOS, the targets to be observed spectroscopi- 
cally are selected independently of the galaxy properties, 
except for the requirement of 15.0 < Iab < 22.5. The 
failure to assign a redshift to an observed spectra may 
have several causes, some of which may depend directly 
or indirectly on the properties of the target galaxies. We 
therefore adopt a weighting scheme to correct for the ob- 
jects observed spectroscopically which have insufficiently 
good redshifts to be included in the HCC 10k sample 
(including complete failures) taking into account only 
galaxy properties. We define a multidimensional space 
by the selection magnitude Iab, the rest- frame {U — V)o 
colour, the morphological type and the redshift, relying 
on the values calculated using the high quality photo- 
metric redshifts. For each galaxy, the multi-parameter 
space is sampled for galaxies of the same morphological 
class within an interval, centred on the galaxy in ques- 
tion, that is 0.25 mag in Iab magnitude, 0.25 mag in the 
rest-frame {U — V)q colour, and 0.1 in redshift. We then 
define the inverse weight Wi of each galaxy i in the HCC 
10k sample as the fraction: 



where N^j^^fj^^^ is the number of galaxies in the HCC 
10k sample and A^iofe ^^'^ number of galaxies in the 
total 10k sample which are neighbours of the i-th galaxy 
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in the above defined manner in the multidimensional 
Iab — {U — V)q — Zphot-morphology space. In those cases 
where a galaxy in the 10k sample could not be assigned 
any of the properties considered (Jab, {U—V)^), Zphot and 
morphology) the galaxy is excluded from the analysis. 
We can neglect these galaxies given that their exclusion 
is based on the absence of data and not directly to the 
properties of galaxies. Moreover, they constitute a neg- 
ligible fraction (< 4%) of the total sample. The final 
number of the group, field and isolated galaxies is 1859, 
5671 and 1147 in 0.1 < z < 1 and in the selected area 
(see above), respectively. 

3.2. Computing the fraction of galaxies and errors 

Having defined the inverse weights of the galaxies in 
the HCC 10k sample using equation [U the fraction of 
galaxies of a given morphological type within any given 
galaxy sample is straightforwardly computed from the 
HCC sample in terms of the sum of these individual 
weights. Specifically, the total number of galaxies of a 
given morphological type T (using the ZEST morpho- 
logical classification) in a given sample of k galaxies is 
calculated using 



1 



WkiT) 



(2) 



where the summation goes over all galaxies of the T type 
in the K-subsample of the HCC 10k sample. Similarly, 
the total (weighted) number of galaxies of any type can 
be calculated using 



1 



(3) 



summing over all galaxies in the K-subsample of the HCC 
10k sample. The fraction of galaxies of a given morpho- 
logical type T is then straightforwardly given by 



(4) 



The index K refers to the sample in which the morpho- 
logical fraction of galaxies is calculated and is defined by 
environment, as well luminosity or stellar mass. In con- 
sidering sets of galaxies defined by luminosity or mass, it 
was decided to only consider intervals in either quantity 
in which we are essentially complete over a given redshift 
range, i.e. not to attempt a V/Vmax type correction for 
incompleteness . 

Uncertainties in the observed fractions are estimated 
using a bootstrap resampling of the given subsample of 
galaxies, setting the error bars in the f^ as the standard 
deviation in the distribution of fractions resulting from 
1000 Monte Carlo bootstrap realisations. 

4. RESULTS 

In this section, we measure and compare the morpho- 
logical mix of galaxies residing in different environments 
(groups, isolated and field) lying within the zCOSMOS 
volume in the redshift interval 0.1 < z < 1. As noted 
above, we refer to the morphological types 1 and 2.0 to- 
gether as the "early type" galaxies and the remainder as 
"late type" . 




0.2 0.4 0.6 



Fig. 2. — The rest frame B-band magnitude as a function of 
redshift for the 10k zCOSMOS sample. Galaxies of early morpho- 
logical type (ZEST types 1 and 2.0) are coloured red. The green 
lines define the four luminosity-complete samples used in the anal- 
ysis. 

Given that the zCOSMOS groups contain typically 
only a few members, we cannot measure a meaningful 
morphological fraction of galaxies in individual groups, 
as is common when studying similar relations in rich clus- 
ters of galaxies, but rather combine all galaxies residing 
in groups with similar properties to build a statistically 
meaningful sample of galaxies. It will become clear that, 
even with this large set of high redshift groups, the se- 
lection of sub-samples of groups and galaxies for study is 
primarily guided by the need to have statistically usable 
numbers of galaxies in each of the bins. 

Furthermore, the current sparse sampling of zCOS- 
MOS means that we cannot meaningfully distinguish be- 
tween central and satellite galaxies within the groups. 

Much recent work aimed to address the redshift evolu- 
tion of a morphological mix of galaxies targeted rich clus- 
ters individually which could be easily identified at high 
z (see recent work by Desai et al. 2007 and references 
therein). For the precise reconstruction of the groups 
one needs high resolution spectroscopic redshifts in a rel- 
atively large continuous volume. Needless to say, the 
additional requirement is high resolution imaging over 
the full survey area in order to reliably measure galaxian 
morphologies. The zCOSMOS groups are identified in a 
larger volume than in the two prev ious high redshift (z ^ 
1) spectrosco pic surveys, VVD S (iLe Fevre et all 120051) 
and DEEP2 (jPavis et al1l2003D . Moreover, only colour 
properties of galaxies in gr oup environments have been 
studied in 0.25 < z < 1.2 (ICucciati et all Isubmitted-bl ) 
and in 0.75 < z < 1.3 (|Gerke et al.ll2007[ ) in the VVDS 
and DEEP2, respectively. 

4.1. Morphological fraction of galaxies in the luminosity 
complete samples 

To study the dependence of morphological segrega- 
tion of galaxies in groups on the luminosity of galax- 
ies, it is useful to first define "luminosity-complete", i.e. 
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MB,com-pl limit 
z range 


Mb < -19 - z 
0.1< z < 0.5 


Mb < -19.5 - 2 
Q.K z < 0.7 


Mb < -20 - z 
0.1 < z < 0.9 


Mb < -20.5 - z 
0.1 < z < 1 


GrOUpiMg < MB,compl) 


564 


665 


605 


329 


GroupiMg < 20.5 - z) 


275 


321 


386 


329 


Field 


1391 


1924 


2098 


1319 


Isolated 


240 


334 


340 


206 



TABLE 1 

Number of (non-weighted) galaxies in the luminosity complete samples. 



"volume-limited", samples of galaxies. We do this pri- 
marily to compare with the results in literature, before 
urning to mass-selected samples below. 

We define four galaxy samples which satisfy the fol- 
lowing criteria: Mb < —19 — z at 0.1 < z < 0.5, 
Mb < -19.5 - z at 0.1 < z < 0.7, Mb < -20 - z at 
0.1 < z < 0.9 and Mb < -20.5 - z at 0.1 < z < 1. 
We chose to use the (rest-frame) Mb magnitude be- 
cause it is well matched to the observed /-band selec- 
tion of zCOSMOS-bright at high redshifts, with an exact 
match at z ~ 0.8, thereby assuring that the completeness 
of the zCOSMOS galaxies is not colour dependent (see 
llovino et al.ll2009l ). The "-z" term accounts, at best ap- 
proximately, for the luminosit y evolution of ind ividual 
galaxies AMb = — 1 x Az (see iKovac et al.l[2009l for dis- 
cussion) . The number of galaxies in the luminosity com- 
plete samples is given in Table [TJ As shown in Figure [2l 
these galaxy samples should be statistically complete. 

Correspondingly, for each of these luminosity-complete 
galaxy samples, we can also define a set of "luminosity- 
complete" groups that satisfy the group criteria, i.e. that 
their corrected richness is at least two above these same 
galaxy luminosity limits. These groups should also be 
"volume-limited" in a sense, although it is clear that the 
accretion of new members may lead to a change in the 
group population through the relevant redshift range. 

With these considerations and caveats in mind. Fig- 
ure [3] shows the fraction of early type galaxies in dif- 
ferent environments as a function of (evolving) absolute 
Mb magnitude. The black points show the field sam- 
ple (all galaxies) while the green points show the set of 
isolated galaxies. The yellow points in each panel show 
the subset of galaxies that appear in the corresponding 
complete set of groups at that redshift, i.e. with more 
than two corrected members above a luminosity thresh- 
old for which we are complete, i.e. Mb < —19 — z 
for the 0.2 < z < 0.4 panel, Mb < -19.5 - z for the 
0.4 < z < 0.6 panel, Mb < -20 - z for the 0.6 < z < 0.8 
panel. The red points represent galaxies in groups with 
two or more members above Mb < —20.5 — z, for which 
we are complete across the whole redshift range. Apart 
from the caveats above about infall and progenitor bias, 
the group galaxies that are represented by the red points 
should therefore be directly comparable across the whole 
redshift range. 

It is clear from Figure [3] that the fraction of early type 
galaxies is higher for brighter galaxies in all redshift bins, 
covering the range from z = 0.1 to z = 1. This reflects 
the strong and well-known dependence of morphology on 
mass or luminosity. In addition, however, the fraction of 
early type galaxies at fixed Mb is higher for galaxies re- 
siding in groups compared with the overall population 
of field galaxies. This holds for every luminosity sample 
and at every redshift bin considered, even though the 
difference is sometimes within the errors. Similarly, the 



fractions of isolated galaxies with early type morpholo- 
gies tend to be lower than in the sample as a whole. In 
the highest redshift bin (0.8 < z < 1), the differentiation 
of the early type fraction of galaxies in the different en- 
vironments becomes negligible. Here, the morphological 
mix of early type galaxies is within the errors the same 
in all environments. 

Comparing the panels across the diagram, it is clear 
that the fraction of early type galaxies at a given lumi- 
nosity increases with time. This is more clearly seen in 
Figure m which shows the redshift /look-back time evolu- 
tion of the fraction of early type galaxies in three narrow 
ranges of Mb which are explored over three redshift in- 
tervals: 0.1 < z < 0.5, 0.1 < z < 0.9 and 0.2 < z < 1. 
As in Figure [3l the red points represent the members 
of a set of groups that is, in principle, volume-limited 
up to z — 1, whereas the yellow points represent the 
members of a set of groups that is only volume limited 
within each individual panel. The redshift evolution of 
the early type fraction seen in Figure [4] indicates a clear 
build up over time of the population of luminous early 
type galaxies in the group environment. For the isolated 
galaxies the build-up of early type galaxies is detected 
only for the faintest galaxies. For the isolated galaxies 
with —21 — z < Mb < —20 — z the fraction of early types 
stays more or less constant since z = 0.9, but the error 
on the measured fraction at the lowest redshift is rather 
large and we do not have a sufficient number of isolated 
galaxies with —22 — z < Mb < —21 — z to reliably carry 
out this analysis. 

As in Figure [3l it can be seen that the fraction of early 
type galaxies in the group environment is higher than 
the fraction of early type galaxies in the field (all galax- 
ies), which is again higher than the early- type fraction 
in the isolated galaxies. By fitting a simple linear rela- 
tion between the fraction of early type galaxies and the 
look-back time, the data suggest that the morphologi- 
cal transformation of galaxies from late to early type has 
generally happened earlier for galaxies residing in groups 
than for galaxies of the same luminosity in the field, cou- 
pled with an overall trend for the transformation to occur 
earlier for more luminous galaxies. We return to quantify 
this further below. 

The evolution of the early type fraction over cosmic 
time and its dependence on luminosity qualitatively mir- 
rors (i.e. it is inverse to) the evolution and its environ- 
mental and luminosity dependencies of the fraction of 
blue galaxies in the zCOS MOS group , field and isolated 
samples, investigated by lov ino et al.l ()2009f ). 

4.1.1. Comparison with literature 

An exact comparison of our results with the previously 
published studies of the morphological mix of galaxies in 
0.1 < z < 1 is hindered by the different morphologi- 
cal classifications, and further complicated by the differ- 
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Fig. 3. — The fraction of early type galaxies at a given Mg magnitude, evolving the luminosity to z = 0. The red and yellow pentagons 
represent the group galaxies, the black circles represent the field galaxies and the green triangles represent the isolated galaxies. The group 
galaxies are included in the analysis only if the group has a corrected richness of at least two in the given luminosity complete sample 
(empty yellow pentagons) or if the group has the effective richness of at least two in Mg < —20.5 — z sample (solid red pentagons, which 
are therefore complete across all panels). The fraction of galaxies in the different panels are calculated using only those galaxies from 
luminosity complete samples in the narrow redshift slices (indicated at the top of each panel). The fraction of early type galaxies is higher 
for brighter galaxies in all redshift bins. The fractions of early type galaxies at fixed Mg are also higher for galaxies residing in groups 
compared with the overall population of field galaxies. The fractions of isolated galaxies with early type morphologies tend to be the lowest. 



ent selection of galaxies and the generally much denser 
environments. However, we can qualitatively place our 
results within the previous results obtained with the lu- 
minosity complete samples. 

Galaxies which reside in the zCOSMOS groups reside 
also in the regions of the highest density in the con- 
tinuo usly defined zCOSMOS density field (jKovac et al.1 
|2009( ). The higher fractions of the early type galaxies 
in the groups relative to the field and isolated (when 
measured) samples are consistent w i th th e morphology- 
density relations of (iTasca et al] 120091: ICapak et al.l 
l2007aHGuzzo et all 120071 : iCassata et a !T l2007f r at similar 
luminosity limits and similar invest igated e nvironments. 

The ZENS project fjCaroUo et al.iiin prep.! ) is a B and / 
wide-field imaging survey of galaxies in a statistically and 
luminosity-complete sample of 185 gro ups at z ^ 0.05 
extracted from the 2PIGG catalogue ()Eke et al.l [2004f) 
with more than five catalogued galaxy members, in or- 
der to measure morphologies and quantify substructure 
(e.g. bars, bulges and disks), and determine the pres- 
ence and properties of faint structures. The observed 
increase of the fraction of early type galaxies with lumi- 
nosity in the group environment is clearly d etected in the 
z ~ 0.05 ZENS groups down to M b = -17 (ICibinel et all 
lin prep.h . Going to higher redshift. I Wilman et al.l ( 20091 ) 
measured the morphological mix of < — 19 galaxies 
in the group and non-group environments using a sample 
of optically selected groups in 0.3 < z < 0.55 from the 
Canadi an Network for Observational Cosmology redshift 
survey (jCarlberg et al.ll2001l : lw'ilman et al.ll2005f ). They 
conclude that the fraction of SO galaxies in groups at 



z ~ 0.4 is as at least as high as in clusters and X-ray se- 
lected groups, and it is higher than the fraction of SOs of 
the sample of galaxies not classified to belong to a group. 
The fraction of elliptical galaxies at fixed luminosity does 
not appear to be significantly different in the group and 
non-group environment. Taking t he fractions of SOs and 
ellipticals together, the results of IWilman et al.l (120091 ) 
and our results at z ~ 0.4 are in qualitative agreement, 
in the sense that at this redshift we measure a higher 
fraction of early type galaxies in the groups than in the 
field or isolated (i.e. non-group) sample of galaxies at all 
l uminosities. 

iDesai et al.l |2007) combined the data from the vari- 
ous studies of the morphological content in clusters in 
order to construct the redshift evolution of the morpho- 
logical mix of galaxies. Using the fractions of early type 
galaxies (ellipticals and SOs) m easured in 10 ESQ Dis- 
tant Cluster Survey (EDisCS; 'Whi te et al.l l2005f) clus- 
ters in 0.5 < z < 0.8 dPesai et al.,,2007|) an d the litera- 
ture data compiled by iFasano et al. I (|2000D . both down 
to My = —20 (using co smology wit h 17,^ = 1 and 
iJo = 50 km s-^Mpc-i), iDesai et al.l ([2007) conclude 
that the fraction of SO galaxies in clusters increases about 
2 times from z = 0.4 to z = 0, while the fraction of ellip- 
ticals stays constant over the same redshift interval. The 
EdisCS results (My < —20) com bined with the equiva - 
lent studies of seven clusters from iPostman et al.l (|2005D 
at 0.8 < z < 1.27 (My < -19.27- 0.8z) are consistent 
with no evolution in the morphological mix in clusters 
over the entire 0.4 < z < 1.25 interva l (using l^m = 0.3 , 
f^A = 0.7 and Ha = 70 km s-^Mpc- MPesai et al.|[2007l) . 
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Fig. 4. — The redshift/look-back time evolution of the fraction of early type galaxies in different environments. As in Figure 3, the red 
and yellow symbols represent the group galaxies, black circles represent the field galaxies and the green triangles represent the isolated 
galaxies in the indicated Af^-bins of galaxies. We consider two following types of groups for this analysis: with the corrected richness of at 
least two in Mb < —19 — z (yellow symbols left panel), in Mb < —20 — z (yellow symbols middle panel) or in Mb < —20.5 — z sample of 
galaxies (red symbols, therefore complete across all panels). For the analysis, we consider only redshift intervals in which galaxies of a given 
luminosity are drawn from the luminosity complete samples: 0.1 < ^ < 0.5, 0.1 < ^ < 0.9 and 0.2 < z < 1 going from the left to the right, 
respectively. The symbols are plotted along the horizontal axis at the median look- back time/redshift of galaxies in the considered bin. 
The results indicate a build up over time of the population of early type galaxies in both the group environment and the field environment 
(all galaxies) and, especially at fainter Mb, also in the isolated sample. 



suggesting that z ~ 0.4 is an epoch at which the SO frac- 
tion in cluster cores begins to grow. However, our re- 
sults are consistent with the constant build-up of early 
types since z = 1 or z — 0.9 in at least group and 
field environments for —22 — z < Mb < —21 — z or 
—21 — z < Mb < —20 — z galaxies, respectively. Ig- 
noring the differences in the luminosity selection (the 
median B — V colour of the field Mb < —20.5 — z or 
Mv < -20 zCOSMOS galaxies in 0.1 < z < 1 is 0.53 
or 0.46, respectively), the different redshift evolution of 
early type galaxies in the clusters and groups indicate 
that in 0.4 < z < 1, groups are preferred environment for 
the morphological transformation of galaxies over clus- 
ters. 

4.2. Evolution of the morphological fraction as a 
function of the properties of the group 

In the previous Section we have seen the changes in 
the morphological mix of galaxies in groups over cosmic 
time. Comparison of the yellow and red points in the 
panels on the left of Figure [3] and Figure [3] suggests a de- 
pendence also on the group properties, since the yellow 
points represent groups that extend to poorer levels than 
the red points, which represent galaxies in (rich) groups 
that have a t least two members above Mb < —20.5 — z. 
iDesai et al.l ()2007[) have shown that morphological evolu- 
tion of galaxies at z < 1 is stronger in lower mass clusters 
than in the most massive ones and there have been num- 
ber of claims that the strongest evolution between z I 



and z ~ in the g alaxy properties has b een in the inter- 
mediate ma ss (e.g . iPoggianti et al.|[2006[ ) or density (e.g. 
iSmith et al. l l2005l i environments. 

We can use the group corrected richness and measured 
velocity dispersion to study the morphological segrega- 
tion as a function of a group property in our own sample. 
While the best way to isolate the effect of a group prop- 
erty would be to use galaxies in a narrow range of phys- 
ical properties selected in a narrow bin of group proper- 
ties, that type of analysis is not possible with the current 
10k zCOSMOS sample due to the small number statis- 
tics. Therefore, we use instead the luminosity complete 
samples of galaxies in groups of similar properties. 

4.2.1. Group richness 

First, we look at the dependence of the morphological 
fraction of galaxies as a function of the corrected rich- 
ness of the host group. We carry out this study for the 
four luminosity complete samples defined above, using 
the group corrected richness defined in each of the lu- 
minosity complete samples, i.e. the corrected number 
of members above the given galaxian luminosity limit. 
We split the group galaxies in bins using the effective 
richness of a group (above the quoted luminosity limit) 
between 2 and 5, between 5 and 8 and larger than 8 for 
the groups in the luminosity complete samples up to the 
luminosity of Mb < —20 — z. For the brightest sample 
Mb < —20.5 — z we define bins of group effective rich- 
ness between 2 and 7 and larger than 7, considering only 
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Fig. 5. — The time-evolution of the fraction of early type galaxies 
in the groups of various richnesses. The solid squares represent the 
group population in luminosity complete samples as indicated in 
the individual panels, which are also used to define the corrected 
richness. The orange, violet and blue squares are for the galax- 
ies residing in the groups with effective richness between 2 and 5, 
between 5 and 8 and larger than 8, respectively, for the top three 
panels. In the bottom panel, the light red and violet-blue squares 
are for the groups with the effective richness between 2 and 7, and 
larger than 7, respectively. The points are plotted at the median 
look-back time of galaxies in that bin. The fits are carried out at 
the median look-back time in the given redshift bin. For a compar- 
ison, the continuous line represents the linear fit to the fearly~iLB 
relation of the field galaxies in the corresponding luminosity com- 
plete sample. At lower luminosities and/or lower redshifts there is 
a clear trend of higher early-type fraction in the richer groups. 



galaxies and groups in 0.4 < z < 1 in order to keep the 
statistics meaningful. The results are shown in Figure [51 
There is a clear trend, especially for lower luminosity 
galaxies, for the richest groups to have a higher early- 
type fraction, especially as the redshift decreases and for 
lower luminosity galaxies. 

4.2.2. Velocity dispersion 

This analysis can be repeated using the observed ve- 
locity dispersion for the groups. Due to the large un- 
cert ainties related to v elocity dispersion measurements 
fsee lKnobel et al.ll2009[ ). only groups with at least 5 ob- 
served members (above the Iab < 22.5 cut) are used 
for this analysis. Using the four previously defined lu- 
minosity complete samples of galaxies, we divide the 
groups into two sets according to their velocity disper- 
sion: 250 < cr < 500 km s'^and a > 500 km s'^ The 
fraction of early type galaxies in these two group bins are 
shown in Figure [6l 

Even though of a lower significance, the same picture 
emerges. The fraction of early type galaxies is larger 
in the groups with larger velocity dispersion for galaxies 
fainter than Mb = —19.5 — z. For brighter galaxies we 
do not detect any significant difference between fractions 
of early type galaxies in groups of different velocity dis- 
persion, possibly due to the limited number of galaxies. 
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Fig. 6. — The fraction of early type galaxies in different environ- 
ments defined by the velocity dispersion of a group, as a function 
of redshift/time. The yellow and violet solid squares are for the 
galaxies residing in the groups with the velocity dispersion between 
250 and 500 km s~^, and larger than 500 km s~^, respectively. 
The additional requirement is that a group has at least 5 observed 
{Iab < 22.5) members. In the given panels, all galaxies used for 
the analysis satisfy the indicated magnitude limit, and the redshift 
ranges in which these samples are complete. For a comparison, the 
continuous line represents the linear fit to the f^arly ~ ^LB relation 
of the field galaxies in the corresponding luminosity complete sam- 
ple. The bottom panel is an exception where we consider a sample 
of Mb < —20.5 — 2 galaxies only in 0.6 < z < 1 in order to keep the 
number of galaxies statistically meaningful. For a comparison, we 
plot the fraction of early type field galaxies measured in the same 
redshift range, marked with the black open symbol. The fraction 
of early type galaxies is larger in the groups with larger velocity 
dispersion for galaxies fainter than Mg = —19.50 — z. 

4.3. Importance of the stellar mass distributions (stellar 
mass function in the groups and for the isolated 
galaxies ) 

For comparison with the literature, the above discus- 
sion was based on the rest-frame i3-band luminosity. As 
well as the obvious sensitivity of the i?-band luminosity 
to the recent star formation history, there are many rea- 
sons to prefer stellar mass as a yardstick of galaxian prop- 
erties. In particular, as mentioned in the introduction, 
the existence of a correlation between the stellar mass 
funct i on of galaxies and their environment (|Baldrv et al.l 
I2006t iBolzonella et al.l 12009^. plus the strong correla- 
tion between mass and galaxian properties, means that 
any sample that contains a significant range of masses 
may show a spurious environmental dependence sim- 
ply because the different distribution of masses in the 
different environments. This will be true not only for 
i3-selected samples, but also iC-selected samples, and 
even mass-limited samples (i.e. all galaxies with masses 
above some threshold). The spurious environmental ef- 
fects produced by this difference in mass functions is 
shown by the clear flattening of the o bserved colour- 
density and morphology-densit y relations llCucciati et al.l 
lsubmitted_al : iTasca et al.ll2009l ) when going from narrow 
Mb luminosity bins to narrow mass bins. 

Using the overall zCOSMOS density field (H ovac et al.l 
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Fig. 7. — The stellar mass function in different environments. The left-hand panels are obtained for the group galaxies residing in the 
groups with at least 2 corrected Mb < —20.5 — z members. The right-hand panels are for the isolated galaxies. The symbols correspond 
to the 1/Vmax measurements and the continuous lines correspond to the Shechter fits (see text for more details). Each four-panel figure 
covers 0.1 < z < 1, split in four redshift bins indicated on the top. The black, red and blue symbols/curves are results for the populations 
of all, early type and late type galaxies, respectively. For a comparison, the stellar mass function of the field galaxies is presented with gray 
symbols/curve. The environmental dependence of the shape of the stellar ma s s func tion is explained by the different relative contributions 
of galaxies of different types in different environments. See Bolzon ella et al] 1)20091 ) for the detailed discussion of the role of environment 
on the stellar mass function. 

tion for the samples of the group and isolated galaxies 
used in this paper, following exactly t he sam e methodol- 
ogy as described in iBolzonella et ahl (|2009f ). The stellar 
mass functions are calculated using the 1/Vmax method, 
by using the additional weights for each galaxy to cor- 
rect for the average sampling and redshift success rate of 
the 10k HCC zCOSMOS sample to the full 40k sample 
(as the stellar mass function deals with the volume den- 
sities and not fractions of objects, similar to the weights 
used to define the group richness). The errors corre- 
spond to Poissonian errors obtained from the 1/Vmax 
method. The Vmax refer to the total zCOSMOS volume, 
and therefore the normalisation of all stellar mass func- 
tions, except of the one of the total sample of galaxies, 
is arbitrary. As for the rest of the analysis in this paper, 
galaxies are selected to reside in the central zCOSMOS 
region, defined in Section [3l 

The resulting stellar mass functions for the group and 
isolated sample of galaxies for four redshift bins are 
shown in the left and right panel in Figure[7l respectively 
(black symbols and curves). The mass functions are fit- 
ted with a double Schechter function (with a unique value 
of the exponential cut-off) in the two lower redshift bins 
and with a single Schechter function in the two higher 
redshift bins. To be able to compare similar group en- 
vironments at different redshifts, we select only group 
galaxies residing in the groups with at least 2 corrected 
Mb < —20.5 — z members. The shape of the stellar 
mass functions in the sample of group and isolated galax- 
ies is reminiscent of the shape of the stellar mass func- 
tions in the sample of gala xies in the highes t and l owest 
quartile of overdensities in IBolzonella et al.l (120091 ) . For 
the group galaxies, similar results are obtained when us- 



120091) ■ IBolzonella et all ()2009[ ) have shown that the stel- 
lar mass functions of galaxies are different in different en- 
vironments up to at least z ^ 0.7, and probably at higher 
redshifts. The galaxian stellar mass function in the dens- 
est regions, defined by the highest quartile in the distri- 
bution of galaxy environments at that redshift bin, is of 
bimodal shape at least up to z ~ 0.5, showing an upturn 
at low-mass end and with massi ve galaxies preferentially 
residing in these densest regions. IBolzonella et al.l (|2009D 
explain the environmental dependence of the shape of 
the stellar mass function by the different relative con- 
tributions of galaxies of different types in different en- 
vironments. The individual stellar mass function for 
each of the different types is well represented by the 
Schechter function in all environments (see Figure 4 in 
IBolzonella et al.ll2009D . The higher contribution of the 
red/early objects in the densest environments produce 
a characteristic "bump" at high-mass end in the stellar 
mass function in the densest environment. 

In this paper we are investigating the morpholog- 
ical properties of g alaxies in the group environment 
(|Knobel et al.l l2009f ) corresponding to virialised struc- 
tures (i.e. single dark matter haloes) - and can be confi- 
dent from the comparison with the mocks that this is in- 
deed to a large degree the case (jKnobel et al.l l2009^. Not 
surprisingly, galaxies in the identified grou ps re si de also 
in the denser environments (see Figure 15 in lKovac et al.l 
I2009t ). and the groups are themselves good tracers of 
the dense peaks i n the density field (see Figure 16 in 
iKovac et al.ll2009f ). However, there is not a one-to-one 
correspondence between the group and the continuously 
defined environment. 

We have therefore recalculated the stellar mass func- 
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Mt,com.pl limit 
z range 


M, > 9.88 
0.1 < z < 0.45 


Af* > 10.21 
0.1 < 2 < 0.6 


M* > 10.68 
0.1 < z < 0.8 


M, > 10.96 
0.2 < z < 95 


Group{MB < Ms^compi) 


422 


390 


294 


132 


Group{MB < 20.5 - z) 


241 


235 


218 


132 


Field 


987 


1045 


858 


428 


Isolated 


141 


180 


109 


40 



TABLE 2 

Number of (non-weighted) galaxies in the mass complete samples. 



ing all group members without restriction in the group 
richness - smoothing slightly the characteristic bimodal 
shape of the mass function in the dense region in the two 
lowest redshift bins, as expected when including in the 
galaxy sample also members of the smaller groups. 

We also calculate stellar mass function per morpholog- 
ical type in different environments, using the morpholog- 
ical classification described in Section [^751 As expected, 
the high mass end of the stellar mass function in both 
environments is dominated by the early type galaxies, 
peaking at roughly 10"'^'^ Mq. Towards lower masses, the 
number of early type galaxies decreases and the number 
of late type galaxies increases. Late type galaxies domi- 
nate below the crossing mass (the mass at which the two 
mass functions cross) and this crossing mass shifts to- 
wards lower values at later cosmic epochs. Since z 0.7, 
the crossing mass is clearly lower for the group than the 
isolated sample of galaxies. We will discuss the crossing 
mass in more detail in the following Sections. 

We therefore find that the stellar mass function ex- 
hibits a similar shape dependency on environment, 
whether environment is defined as a continuous field 
(density of objects) or a discrete (groups/isolated sam- 
ple) quantity. Moreover, the reason is the same: the dif- 
ferent relative contributions of galaxies of different ty pes 
across a range of masses (see iBolzonella et al.l |2009| for 
more discussion). 

We stress that one consequence of this for any anal- 
ysis related to the environment, is that whenever there 
is a sample of galaxies which contains a range of stellar 
masses, then the relationships between a given galaxy 
property and environment will be modulated by the rela- 
tionship between that property and stellar mass through 
the differing mass distributions of galaxies with environ- 
ment. To isolate the true environmental effect, we must 
consider galaxies in narrow stellar mass bins. 

4.4. Morphological mix in different environments from 
the mass selected samples 

We therefore select four stellar mass-complete sam- 
ples of galaxies to investigate the morphological mix in- 
side and outside groups in zCOSMOS. The selection of 
the complete s tellar mass samples has been described in 
iPozzetti et al.l (2009), and is optimised to be complete 
for both early and late type galaxies following our defini- 
tion of morphological types. We use the samples which 
are 85% complete for the early (l-t-2.0) type galaxies. 
The samples are defined as follows: log(Ajf,/M0) > 9.88 
in 0.1 < z < 0.45, log(M,/M0) > 10.21 in 0.1 < 
z < 0.6, log(M*/Mo) > 10.68 in 0.1 < z < 0.8 and 
log(Af*/MQ) > 10.96 in 0.2 < z < 0.95. The numbers of 
galaxies in the different environments within these mass 
complete samples are given in Table [21 

The morphological mix of galaxies within these mass- 
selected samples in different environments is shown in 



Figure [51 The stellar mass bins have a width of 
Alog(M/Af0) = 0.7 (dictated by the number statistics), 
starting from the lowest stellar mass for which the sam- 
ples will be complete. This makes our mass bins partially 
overlapping, and consequently, not independent of each 
other. 

For the stellar masses below ~ log(Af/MQ) = 11 we 
observe a steady increase with cosmic time in the frac- 
tion of early type galaxies in all environments. For the 
highest mass bin, 10.96 < log(M/M0) < 11.66, the num- 
ber of galaxies is small, and little can be conclusively 
said regarding the groups and for the field. However, it 
seems clear that high fractions ~ 70 — 80% of early type 
~ log(M/M0) > 11 galaxies in both the group and field 
are present before z — 1 and that the morphological mix 
stays more or less constant since then. 

Progressing to lower masses, we find that, at a given 
stellar mass, the fraction of early type galaxies is consis- 
tently highest in the group environment, and lowest for 
the isolated galaxies, at every redshift that we can exam- 
ine for that particular stellar mass. Fitting a linear rela- 
tion between the early type fraction and look-back time, 
the linear fits for galaxies with log(M/M0) < 11 sug- 
gest that the fractions of early type galaxies were more 
or less the same in all types of environment at higher 
redshifts and then, with cosmic time, diverged with pro- 
gressive morphological transformation from late to early 
type galaxies happening at different rates in different en- 
vironments at a given mass. As above, there is an indi- 
cation that the increase in the early type fraction over 
cosmic time is more rapid in the groups with higher rich- 
ness than in the poorer groups (e.g. difference between 
red pentagons and yellow squares and the corresponding 
linear fits in Figure [8]). 

Looking at the same data from another perspective, 
we can calculate the fractions of early type galaxies as 
a function of stellar mass in the narrow redshift bins: 
0.2 < z < 0.4, 0.4 < z < 0.6 and 0.6 < z < 0.8. These 
are shown in Figure [51 using only groups with a corrected 
richness of at least two in Mb < —20 — z galaxies, as we 
extend this analysis only to z = 0.8. At every redshift, 
the fraction of early type galaxies increases strongly with 
the stellar mass for galaxies residing in both the groups 
and in the field. The isolated galaxies follow the same 
trend in the lowest redshift bins up to z = 0.6, while in 
the highest redshift bin they become very rare objects 
and the obtained statistics is much less reliable. This 
figure also illustrates the convergence of the morpholog- 
ical mix at a given (relatively high) mass at redshifts 
approaching z ~ 1. 

The se results are in good agreement with iTasca et al.l 
(|2009f ). who showed the weakening of the overall 
morphology-density relation at high stellar mass and/or 
high redshifts in similar mass complete samples in the 
zCOSMOS. However, the increase of the early type frac- 



13 



Redshift 



0.16 0.36 0.63 1.02 0.16 0.36 0.63 1.02 0.16 0.36 0.63 1.02 0.16 0.36 0.63 1.02 



O 0.8 

o 
CO 

u 0.6 

64—1 

CD 

>. 0.4 



CO 



^ 0.2 

CO 







I I I I I I I I I I I I I I I I I I I 



9.88-10.38 



•1 



I "I 



1 1 1 1 1 1 1 1 1 1- 1- 1 1 -1 1 1 1 1 1 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
■ ■ 10.21-10.91 



1|1 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 




10.68-11.38 10.96-11.38 . 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 



2 4 6 8 



2 4 6 8 



2468 2468 



tLB [Gyr] 

Fig. 8. — Redshift evolution of the fraction of early type galaxies of a given stellar mass in different environments. The stellar masses 
are from intervals of log(M,/MQ) = 0.7 width, where the interval limits in log(Af,/AfQ) units are given in the individual panels. The 
lower stellar mass value represents the 85% completeness limit for the early (1 + 2.0) type galaxies in the redshift interval of consideration: 
0.1 < z < 0.45, 0.1 < z < 0.6, 0.1 < z < 0.8 and 0.2 < z < 0.95 going from the left to the right, respectively. The solid yellow squares 
and solid red pentagons represent group galaxies with an effective richness of at least two in the corresponding luminosity complete sample 
and in the Mb < —20.5 — z sample of galaxies, respectively. The empty circles represent the field galaxies and the green solid triangles 
represent the isolated galaxies. The symbols are plotted along horizontal axis at the median look-back time/redshift of galaxies in the 
considered bin. The dotted lines are the linear fits to the f early ~ ^LB relation for the various samples, marked in the same colour as the 
corresponding early type fractions. For galaxies with log(Af»/A/Q) < 11, there is a steady increase with cosmic time in the fraction of early 
type galaxies in all environments. Moreover, the fraction of early type galaxies is highest in the group environment, and lowest for the 
isolated galaxies at every redshift probed by that particular log(M*/MQ) < 11 stellar mass. 

morphological mix that is achieved in the groups at some 
redshift and at some mass, is achieved at only slightly 
later times (or equivalently for slightly higher masses) 
in the field (all galaxies) and in the isolated galaxies. At 
z ^ 0.5 and log(Af/M0) - 10.2, the "effect" of group en- 
vironment is equivalent to only about 0.2 dex in stellar 
mass or to about 2 Gyr in time. 

Fitting the linear relation to the observed f early — 
log(M/MQ) trends at a given redshift bin, we can calcu- 
late the stellar mass at which 50% of galaxies in a given 
sample is of early type at that redshift. We call this 
quantity the morphological crossing mass since it is also 
obviously the mass at which the individual mass func- 
tions of the two populations cross. The change with red- 
shift of the morphological crossing mass in the group and 
other environments is shown in Figure [TU) The morpho- 
logical crossing mass decreases with decreasing redshift, 
indicating that the morphological transformation from 
late to early types starts in galaxies with higher stellar 
masses and shifts to galaxies with lower stellar masses 
over cosmic time. This is another manifestation of the 
so-ca lled downsizi ng scenario in the evolution of galaxies 
(e.g. ICowie et all [19961 At z ~ 0.7 or a little above, 
50% of galaxies with masses log(M/M0) w 10.85 are 
already of the early type, independent of their environ- 
ment. Moving toward the lower redshifts, the morpho- 
logical crossing mass decreases more rapidly for galaxies 



tion with stellar mass in 0.2 < z < 0.8 (Figur e [9|) con- 
trasts results obtained bv iHolden et al.l (|2007D . who do 
not detect any clear trend in the early type fraction 
with stellar mass for the cluster galaxies more massive 
than log(M/M0) = 10.52. We have t aken into ac- 
count the difference in the IMF used by iHolden et al.l 
(|2007t l and here, assuming that the stellar masses calcu- 
lated with the Chabrier IMF a re larger by . 08 tha n the 
"diet Salpeter" IMF used by |Holden_eLalJ (|2007D (see 
e.g. iBolzonella et al.l |2009| on the differences b etween 
the ste llar masses with the different IMFs) . IIolde n~et al.l 
(|2007t l results are obtained for five massive X-ray clusters 
in 0.023 < z < 0.83 spanning a range in velocity disper- 
sion 865 < cr < 1156 km s~^, or with 56 to 109 members 
above the quoted mass limit. The measured fractions 
of early type galaxies are between 71% and 100%, com- 
parable to the fractions which we measure only for the 
most massive > log(M/M0) ~ 11 galaxies. This indi- 
cates that clusters are either more efficient in transform- 
ing late types to early types or that the bulk of mor- 
phological transformation of galaxies more massive than 
log(M/M0) = 10.52 has happened earlier in the clus- 
ters than in any other environment, and specifically the 
poorer group environments examined here. 

Figure [8] and Figure [9] also show one way of looking at 
the relative importance of mass and environment in driv- 
ing morphological transformation. It can be seen that the 



14 



o 0.8 
•I— I 

o 

CD 

So. 4 
^ 0-2 

CO 





"1 — I — I — I — I — I — I — I — I — r 

0.2<z<0.4 / 



■^-0.4<z<0.6 ^ // --0.6<z<0.8 




J_lJ I I I I I I I L 



"1 — I — I — I — I — I — I — I — TTT" 



"1 — I — I — I — I — I — r 



T7T7 



:0 



J I I--- I- I I I I I I I I I I Ll_l I I I I L 



10 



11 



10 11 

log(M,/Mj 



10 



11 



Fig. 9. — Environmental dependence of the fraction of early type galaxies on stellar mass. The red solid pentagons represent the group 
galaxies with the corrected effective richness of at least two in Mg < —20 — z sample of galaxies, the empty circles represent the field 
galaxies and the green solid triangles represent the isolated galaxies. In the selected redshift intervals galaxies are extracted from the stellar 
mass complete samples (85% completeness limit for the early 1 + 2.0 type galaxies). The symbols are plotted along the horizontal axis at 
the median mass of galaxies in the considered bin. The dotted lines are the linear fits to the f early ~ log(M«/MQ) relations, marked in 
the same colour as the symbols in the corresponding environments. At every redshift, the fraction of early type galaxies increases strongly 
with the stellar mass for galaxies residing in both the groups and in the field. The morphological mix that is achieved in the groups at 
some redshift and at some mass, is achieved at only slightly later times (or equivalently for slightly higher masses) in the field and for the 
isolated galaxies. 



residing in groups than for the field and isolated galaxies 
reflecting the emergence of morphological segregation. 

5. DISCUSSION 

5.1. The relative role of the stellar mass and 
environment in determining galaxian properties 

The above results have painted a consistent picture of a 
morphological segregation emerging between the typical 
group and field environments (i.e. all galaxies) emerg- 
ing over the last several billion years, since z ~ 1, and 
of being more prominent in galaxies of lower luminosity 
and/or stellar mass. Corresponding trends in the zCOS- 
MOS 10k sam ple relative t o the l arger scale density field 
were shown in lTasca et al.l ()2009D . 

On the one hand, it is clear that this emerging environ- 
mental dependence is superposed on top of a global and 
strong mass-driven evolution that is seen in the whole 
population. There is no doubt that the stellar, or pos- 
sibly total baryonic, mass ("nature") is directly related 
to the processes responsible for this morphological trans- 
formation. The offset between the observed fractions of 
different morphological types of galaxies in different en- 
vironments since z ~ 1, i.e. higher fractions of early type 
galaxies for the group than the typical field population, 
which are again higher than the fractions for the isolated 
galaxies (Figure[8|), is however tuned by the environment. 
As noted above, at a given mass, this environmental tun- 
ing corresponds to about 2 Gyrs in time: a certain mor- 
phological mix, a product of the efficient morphological 
transformation, will be achieved first in the group, then 
in the field and at the end in the isolated environments 



for galaxies of a given mass. 

However, it is not immediately clear if this is because 
of an offset in "starting time" , as the more massive galax- 
ies are expected to be formed first i n the more mas- 
sive structures (again "nature", e . g. iKauffmannI Il995t 
iBenson et al.l l200ll : iHeavens et al.ll2003 ). or because of 
a difference in the rate of evolution in different environ- 
ments ("nurture"), caused by some of the dense envi- 
ronment related processes (e.g. ram pressure stripping, 
harrasment etc, see Introduction). 

Moreover, we do clearly detect an apparent increase 
in the environmental differences, at least for the lower 
mass galaxies which are transforming at the lower red- 
shifts. This produces the clear divergence of the mor- 
phological crossing masses from z^O.Ttoz^^O.Sin 
different environments, suggesting that the morphologi- 
cal transformation rate is rather faster in the groups than 
outside. However, interpretation of Figure [10] in terms 
of the physically relevant processes is not trivial, since 
it also reflects both the shape of the mass functions and 
their relative amplitudes in different environments. 

We therefore investigate below more directly the rates 
of the morphological transformation. It is also of inter- 
est to compare the transformation rates for other rel- 
evant transformations, and specifically those related to 
the star-formation history, i.e. the "quenching" transfor- 
mation from blue to red, or from active star-formation to 
passive evolution. Of course, all of these processes may 
be reversible, and so we are really looking at the "net" 
transformation rate. Comparison of these transforma- 
tion rates may provide clues as to the physical linkage be- 
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Fig. 10. — Morphological crossing mass of galaxies in different 
environments. The red solid pentagons represent the group galax- 
ies, the empty circles represent the field galaxies and the green solid 
triangles represent the isolated galaxies. The crossing mass is the 
mass at which 50% of the selected galaxy population is of early (or 
equivalently of late) type. The stellar masses are estimated from 
the linear fit to the measured points in Figure |9] in the individual 
redshift intervals. The vertical error bars correspond to the rms val- 
ues in the crossing mass obtained by bootstrapping of the galaxy 
samples and repeating the fitting, using the previously estimated 
errors on the real fractions. The horizontal error bars correspond 
to the upper and lower quartiles in the look-back time distribution 
of galaxies in the considered redshift bins, plotted at the median 
look-back time/redshift in that bin. The morphological crossing 
mass decreases with decreasing redshift, indicating that the mor- 
phological transformation from late to early types starts in galaxies 
with higher stellar masses and shifts to galaxies with lower stellar 
masses over cosmic time. Moving toward the lower redshifts, the 
morphological crossing mass decreases more rapidly for galaxies 
residing in groups than for the field and isolated galaxies. 

tween morphological transformation and star-formation 
quenching. 

5.2. Timescales for the type-transformations of galaxies 

One interesting question is whether it is possible to 
determine whether one of morphological transformation 
and star-formation quenching preceded the other. Based 
on the field stellar mas s functions of the z COSMOS 
galaxies of different types. [Pozzetti etall (|2009D find that 
the morphological crossing mass Msm,cross has higher 
values than the equivalently defined crossing mass for 
the populations of photometrically red and blue, and 
also active and passive galaxies. From the differences 
in the number density of photometrically and morpho- 
logically early type galaxies, the inferred delay time be- 
tween the colour and morphological transformation is 
about 1-2 Gyr. A similar timescale is derived for the 
transformatio n to red colo urs after switching of the star- 
formation. Bundv et al.l |2006) find the qualitatively 
same behaviour for the crossing mass of the DEEP2 
field galaxies when population of galaxies is split ac- 
cording to the morphology and colour, extending the 
colour/morphology dichotomy of crossing mass to red- 
shift 1.4. 

Similar results have been obtained for the population 



of cluster galaxies. IWolf et al] (|2009f) study the popula- 
tion of galaxies in A901/2 cluster complex at z ~ 0.17, 
finding the majority of high mass galaxies (above 10^^ 
Mq) to be red and spheroidal in all environments (out- 
skirt, centre and outside of cluster). Based on the 
large number of cluster spirals in the mass range of 
IQio _ 10" M^. IWolf et"al1 (|2009f) conclude that quench- 
ing of star-formation in these galaxies is a slow process, 
where the timescale of morphological evolution must be 
longer than that of the spectral evolution. However, 
at even lower masses, not accessible by our study, star- 
formation rate decline and morphological changes appear 
to be more synchronised in A901/ 2. Using th e sam- 
ple of 24 clusters from t he ED iSCs (|White et al.| [2005). 
ISanchez-Blazguez et al.l (12009") find that the fraction of 
early type red sequence galaxies decreases by ~ 20% from 
z = 0.75 to z = 0.45, what can be expected if the clus- 
ter spiral galaxies first get redder, stopping their star 
formation, before they becom e of early type (note that 
ISanchez-Blazguez et al.ir2009l have done the analysis us- 
ing the luminosity complete samples). 

Usi ng the marked corr elation statistics on the SDSS 
data, iSkibba et al.l (|2008l ) conclude that z ~ red spi- 
rals are often satellites in the outskirts of groups and 
clusters, while red early type galaxies are preferentially 
located in the centres of these structures. ISkibba et al] 
(2008) suggest that the timescale of the morphological 
transformation of these red spirals is longer than that 
of the quenching of their star formation. The zCOSMOS 
extends a high redshift (up to z '--^ 1) comparison between 
the colour and morphological properties of galaxies to the 
group environment. 

To enable a closer comparison between the colour and 
morphological properties of galaxies in the group envi- 
ronment, we calculate the colour crossing mass using the 
same procedure and the same galaxy samples as for cal- 
culation of the morpho logical crossi ng mass, described 
in Section 14.41 (see also llovino et al.l [20091 who calculate 
a similar quantity, iso-so, the cosmic time at which the 
fraction of red/blue galaxies is 50%). In addition, we also 
calculate the crossing mass for star-formation activity by 
partitioning galaxies into active and passive classes us- 
ing the specific star-for mation rate (sSFR) f rom the SED 
fitting (see discussion in lPozzetti et al.|[2009l on the agree- 
ment between the star-formation rates derived from these 
SEDs and those from measurement of emission lines) . In 
this work, we consider galaxies with U — B > 1.1 to 
be red, and galaxies with \og{sSFR/yr) < —10.5 to be 
passive. These crossing masses for the group and field 
samples are shown in Figure [TT] 

The crossing mass for each of the samples shows similar 
behaviour as we have shown already for the morpholog- 
ical crossing mass. It shifts to lower masses with cosmic 
time in both the field and group environment, and since 
z ~ 0.6, this evolution is clearly environment dependent. 
The activity crossing mass is systematically lower than 
the colour crossing mass, which is systematically lower 
than the morphological crossing m ass. This is observed 
both in the field (in agreement with lPozzetti et 311120091 ) 
and in the group environment. Extrapolating the plot, 
at a given mass 50% of population will turn to be pas- 
sive at earlier cosmic time than the time at which 50% 
of population will become red. 50% of population will 
become of early morphological type even later. More- 
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Fig. 11. — Evolution of the class-dependent crossing mass in the 
group and field environments. The filled symbols are for the group 
and the empty symbols are for the field samples. The red circles, 
green squares and violet squares correspond to the morphologi- 
cal, colour and star-formation activity crossing mass, respectively. 
Error bars for each value have the same meaning as described in 
Figure [To] The elfective transformation of galaxies from active to 
passive, from blue to red and from late to early moves progressively 
towards lower mass galaxies as cosmic time passes or as the envi- 
ronment is denser. The crossing masses in morphology are higher, 
and change less rapidly, than those for colour and /or star- formation 
activity. 

over, this will generally happen earlier for a group galaxy 
than for a field galaxy. A similar sequence of the colour 
and morphological crossing mass in the z COSMOS has 
been presented in iBolzonella et al.l ([2009) for the envi- 
ronments of extreme densities, when quantifying cnviron- 
ment using the loca l overdensity o f neighbouring galaxies 
(|Kovac et al.ll2009h . iBundv et all (|2006 ) find a tentative 
evidence for the rise of the quiescent population in dense, 
continuously defined environments. 

While the exact values of the crossing mass are strongly 
dependent on how galaxies were divided into types, there 
is a clear and progressive (with epoch) environmental 
dependence in these values. The effective transforma- 
tion of galaxies from active to passive, from blue to red 
and from late to early moves progressively towards lower 
mass galaxies as cosmic time passes or as the environ- 
ment is denser. Derived values of the various crossing 
masses are consistent with a scenario in which, for the 
majority of galaxies, the timescale for the morphologi- 
cal transformation is longer than the timescale for the 
colour transformation, both in the field and group envi- 
ronment, assuming that all these processes started to act 
approximately at the same time in a given environment. 

Unfortunately, it is hard to use arguments such as the 
location and rate of change of the above-defined crossing 
mass to infer quantitative information on the transfor- 
mation rates, since these may be sensitive to the choice 
of the location of the dividing line between the two prop- 
erties and also on the shape and relative normalisation of 
the mass functions of different components of the popu- 
lation. The dividing line may be clear for colour (e.g. the 
so-called "green valley") but more arbitrary in the case 
of morphological classification. The relative amplitude of 



the mass functions of early or late type galaxies, and of 
blue or red galaxies, or of active or passive galaxies, will 
also change the location and movement of Mcross- Use 
of the redshift /epoch axis directly to determine transfor- 
mation rates, i.e. of the flux of galaxies crossing through 
a chosen dividing line, is likely to be less sensitive to the 
precise location of that divide and to allow a more direct 
study of these questions. 

5.3. Role of group environment in the general galaxy 
type-transformation rate 

In the following, we explore more directly the "trans- 
formation rate" of late type galaxies into early type 
galaxies for different masses and different environments 
in order to try to better understand the physical causes. 
It should be noted in the following discussion that this 
is really a "net" transformation rate from late to early, 
since it is in principle possible for early type galaxies to 
reacquire a gaseous disk and become of later morpho- 
logical type, although whether this would be sufficient 
to cross our defined morphological divide between ZEST 
classes 2.0 and 2.1 is unclear. 

Assuming from now on that galaxy transformations 
are dominated by one-way transformation late to early 
(and blue/active to red/passive), we proceed to define 
a normalised transformation rate rj in which the rate of 
change in the number of "progenitor" galaxies (either 
late type, blue or active) is normalised by the number of 
these progenitors: 



V 



1 dNc 
' Nc dt 



dlnNc 
di 



(5) 



where Nc is a measure of the number of progenitors of a 
given class C, i.e. the mean comoving density averaged 
over suitably large volumes of the Universe. 

The inverse of rj gives the transformation timescale trj 
for a typical "progenitor galaxy" to be transformed. The 
transformation rate rj might be expected to be a function 
of mass, environment and probably epoch. 

Unfortunately, an accurate determination of Nc{z) 
and dNc/dt for a particular class C of galaxies is ob- 
servationally challenging. It requires an accurate mea- 
surement of galaxian properties, e.g. the stellar mass, 
over a range of redshifts, careful treatment of large scale 
density variations within surveys due to large scale struc- 
ture, and, ideally, knowledge of the changes in the num- 
ber of galaxies in a particular class due to, for instance, 
mass growth through star- formation and/or merging. In 
the case of galaxies defined by environment, i.e. those in 
groups, there will also be the change in the population 
due to the hierarchical growth of the groups through the 
accretion of galaxies onto the virialised structures. 

In cases where it can be assumed that the total num- 
ber of galaxies in a given bin (defined by mass and en- 
vironment) is more or less constant, then some of these 
difficulties can be alleviated by considering the fraction 
of galaxies, rather than their absolute number, i.e. by 
dividing by a fixed total number of galaxies N. In this 
case: 



l_dfc 
fc dt 



d\nfc 
dt 



(6) 



If the evolution of In fc is linear with cosmic time, we 
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simply obtain rj as the slope to this relation for any sam- 
ple defined by mass and environment. With the limited 
baseline in redshift and limited number statistics, we will 
henceforth consider the rate 77 as single time-averaged 
rate over the accessible range of epochs, from a linear fit 
to In/c. 

For group galaxies, we know that the total number 
of galaxies is certainly not conserved, because galaxies 
will be accreting onto the group from the surrounding 
regions. It is clear that this migration into the groups is 
likely to further amplify any environmental difference in 
transformation rates, because the new arrivals will have 
to "catch up" with the existing group members which 
already have a more evolved state. 

In the following, we derive a simple first order correc- 
tion accounting for the galaxies infalling to the groups 
by assuming (a) that the total number of galaxies in the 
sample (at a given mass) is conserved, i.e. we do not 
consider galaxy mergers and neglect the effects of star- 
formation, and (b) that the infalling galaxies can be con- 
sidered to be a representative subset of the non-group 
population. This latter condition may not be true, and 
this infall correction is therefore likely to represent an 
upper bound to the actual transformation rate. 

In some small increment of time dt, the number of 
class-transformations dN in groups will be given by 

dN = -NadfcG - ifcG - fcN)dNG (7) 

where Nq is a number of the group galaxies, fee and 
fcN are fractions of the C-class galaxies in the groups 
and non-groups, respectively, and where the class C is 
a "progenitor" type of galaxy (i.e. assumed to be late 
morphological type or active/blue type). The equation 
above can be further written as 

dN = -diNafcG) + fcNdNc . (8) 

By normalising the number of transformations with 
NcfcG, which is the "pool" of potential objects in the 
group to be transformed, the rate Tjit^^coBM including 
the effects of infall can be written as: 

1 dfcG . ( fcN \ I dfc , . 

fcG dt \fcG ) JG dt 

In the case of no infall, where fa is constant over time, or 
in the case where the group and non-group populations 
have the same properties at a given epoch, it can be seen 
that the rate rj will be given just with the first term on 
the left hand side, which is the same as Equation[6]above. 

What about progenitor bias? By considering two sim- 
ple complementary categories, group and non-group and 
the change in the fraction of galaxies associated with 
each, we automatically deal with both additional mem- 
bership of pre-existing groups and the emergence of new 
groups where previously none existed (above the fixed 
threshold in richness). We should however recognise that 
the rates so derived will be averages across the entire, 
evolving, group population and not, necessarily, repre- 
sentative of what is happening within a single group. 
Because of the attraction of using two complementary 
populations, group and non-group, we no longer consider 
either the isolated galaxies nor the field (all galaxies) 
populations in this analysis. 
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Fig. 12. — Evolution of the fraction of galaxies in our group sam- 
ple. Different symbols correspond to the different Alog(M»/MQ) 
mass bins, indicated in the right corner of the plot. The dotted 
lines are the linear fits to the time evolution of the fractions of 
group galaxies, extrapolated to all epochs. At a given stellar mass, 
the fraction of galaxies residing in the group environment increases 
with cosmic time, as individual groups grow through infall. 

It is important to note that, based on extensive com- 
parisons with the mock catalogues, neither the complete- 
ness nor purity of the group catalo gue are believed to 
depend significantly on r edshift (Knobel et al.|[200l see 
Figure 9). The same is also true of the individual group 
members. This allows us to use the observed fraction 
of galaxies in a volume-limited sample of groups as a 
good estimate of the infall rate from the non-group into 
the group population, and the observed morphological 
mix of galaxies in and outside of those groups as rep- 
resentative of both populations. The redshift evolution 
of the fraction of galaxies residing in the groups with at 
least two corrected members above Mb < —20.5 — 2; is 
shown in Figure [T2l At a given stellar mass, the fraction 
of galaxies residing in the group environment increases 
markedly with cosmic time, building up these structures. 
At a given time, a larger fraction of the more massive 
galaxies are already present in the groups refiecting the 
different mass functions shown above (see Section r4.3l and 
Figure [T]). 

The derived rates of the morphological transformation 
rjL^yE in the group environment are shown in the left- 
hand panel in Figure [T3l We obtain the infall corrected 
rates taking for the term the average of the measured 
fractions at different times at a given mass, discussed in 
Subsection 14.41 (see Figure [5]) . The errors are obtained 
by the error progression of Equation [S] and Equation O 
using the individual bootstrap errors on the fractions. 
The red filled squares represent the rates corrected for 
infall using Equation [9l while the red open circles repre- 
sent those computed directly from Equation [SI which are 
lower, as expected. The equivalently derived rates for 
the non-group galaxies, which are galaxies not residing 
in the groups with the corrected richness of at least two 
Mb < —20.5 — z members, are shown in the right-hand 
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Fig. 13. — Deriveci transformation rates for morphology, colour and star-formation activity in the group environment (left) and in the 
non-group environment (right). The solid symbols correspond to the final rates, which are corrected in the case of the group galaxies, for 
the infall of new members onto existing groups and the appearance of new groups above the selection threshold (see Equation [Ql. It should 
be noted that this is "worst-case" correction which assumes that the new group members are representative of the previous non-group 
population. Using this same assumption, the rates in the non-group population need not be corrected for the loss of these galaxies (see 
Equation[6ll. The open symbols in the left hand plot also correspond to the rates in the groups with no infall correction applied (Equation|6]l 
for the group galaxies. The morphological, colour and star-formation activity rates are shown in red, green and violet, respectively. The 
transformation rates are consistently higher in the group environment than outside of it. The rate of transformation is also consistently 
higher for the transformations involving star-formation than those involving morphological transformation. Finally the rate is higher for 
galaxies around lO^"'^ Mq than for higher mass ones. The rates must also fall again at lower masses, which cannot yet be studied. 



panel in Figure fT3l (red filled squares). We use the simple 
Equation [S] above, since the infall is a one-way depletion 
of the non-group population, again assuming that the in- 
falling migrants are representative of the population as 
a whole. 

In a similar manner, we derive the rates of the colour 
transformation from blue to red galaxies ?7s_>fl and from 
active to passive galaxies r]A->p using the same group 
and non-group samples of galaxies as for measurements 
of rjL-^E- Galaxies are divided in different classes as 
in the previous subsection. The corresponding rates are 
overplotted in Figure [T3] (using the green symbols for 
VB-yR and violet symbols for riA_yp). Generally speak- 
ing, the rates obtained for the colour and activity type- 
transformation also show similar dependence on the mass 
and environment as the rates of the morphological trans- 
formation. 

Comparison of the two panels of Figure [T51 shows three 
interesting facts: 

(a) The rate of the class-transformation is consistently 
higher in the group environment than outside of it. (b) 
The rate of transformation is consistently higher for the 
transformations involving star-formation than for those 
involving morphological transformation, (c) The rate is 
higher for lower mass galaxies than for higher mass ones. 
Indeed the rates, and the differences between the rates 
inside and outside of groups, and between morphology 
and star-formation, are all small and consistent with zero 
for the most massive galaxies above log(M*/Af0) ~ 11.2 
Mq. It should be noted that these rates must fall at still 
lower masses, beyond the range explored by zCOSMOS. 

For typical galaxies with log(M,/MQ) ^ 10.5, we con- 



clude that the transformation rates are 3-4 times higher 
in the groups than outside, and are typically 50% higher 
for colour transformations than for morphological ones. 
The implied transformation timescales ?7~^, are of order 
1.6 Gyr (colour transformation) or 2.5 Gyr (morphology 
transformation) in the groups, and about 6 Gyr and 10 
Gyr, respectively, outside of groups. 

Needless to say, the exact values of the derived rates 
and corresponding timescales should be taken as indica- 
tive only. Not least, the quoted errors include only the 
purely statistical uncertainty. There are various other 
issues which one needs to be aware of. Although we 
have tried to deal with variations in N(z) due to the 
large scale structure by considering fractions, the tem- 
poral gradients may be affected by the choice of redshift 
bins, since this will be affected by large scale structure. 
At low z, the volume used for the analysis is the small- 
est, and the estimated fractions could be less representa- 
tive of the universal values than the fractions estimated 
at higher redshifts, modifying the the true slopes in the 
overall fractional evolution. Moreover, we have assumed 
constant rates (i.e a linear evolution in the logarithmic 
fraction), and have furthermore estimated these at dif- 
ferent epochs for the different mass ranges. We believe 
that the relative values should be more robust than the 
absolute ones. 

It is fairly clear, e.g. comparing with Figures [7] and [8] 
that the difference in the transformation rates computed 
here stem as much from the different fractions in the 
different different environments (in the denominator) as 
from differences in the rate of change of the fractions 
(in the numerator), which are often rather similar. It is 
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also clear that this difference in the fractions between the 
different environments amplifies the difference in implied 
transformational rates in the groups through the infall 
correction, increasing the difference by about ~ 50%. 
However, it is clear that this is not the sole origin of the 
rate difference between the different environments. 

It should be noted that there are at least two effects 
that would act to reduce the observed rates, and there- 
fore lead us to underestimate the effect of the group. 
First, as noted earlier in the paper, the non-group galax- 
ies as we define them here, will be somewhat "polluted" 
by galaxies in small groups that are not yet detectable 
in the relatively sparse sampled zCOSMOS 10k sample. 
This will tend to wash out the environmental differences. 
This contamination will arise from the non-perfect isola- 
tion of the group sample in terms of the imperfect pu- 
rity and completeness of the original group catalogue. 
Second, we have implicitly assumed that the number of 
galaxies is conserved. Certainly in the case of the mor- 
phological transformation, galaxy merging is a possible 
physical mechanism. It could well be that the merger of 
two late type galaxies would produce only one early-type, 
and the implied change in the late-type fraction would 
then be smaller than if two early type galaxies had been 
produced, leading to an underestimate in the transfor- 
mation rate as defined in Equation [9l Against these, it 
should be remembered that the "infall correction" , which 
also accounts for the appearance of new groups with time, 
will be a worst case, because it assumes the new group 
galaxies are drawn randomly from the earlier non-group 
population. 

The derived transformation rates are of course closely 
finked to the mass functions given above (Figure [7]). In 
particular, given the existence of the transition or cross- 
ing mass (where the population is split equally between 
the two types), and the evidence for change of this with 
epoch, we would expect to see the highest transformation 
rates for galaxies around this same mass log(M*/Mo) ~ 
10.5 ±0.5. At higher masses the transformation rates are 
lower because the population has saturated with most 
transformations completed, more than compensating for 
the small number of potential progenitor galaxies. At 
lower stellar masses, log(Af*/M0) < 10, not presently 
accessible by the zCOSMOS observations, the transfor- 
mation rates must drop again because the vast majority 
of galaxies are still in the pre-transformation state. 

The effect of the environment modifying the trans- 
formation rates for star-formation activity and colour 
is larger than the environment's effect the morpho- 
logical rates, and we conclude that the environment 
seems to be more closely related to the star-formation 
and colour transformation processes than to the mor- 
phological transformation of galaxies. Similar con- 
clusions have been obtained at z ^ when using 
much less direct d iagnostic of t he environmental influ- 
ence (e.g. Kauffm ann et al.l 12004: Blanton ct al. 2005; 
ISkibba ct al. 2008). For example, Blanton ct al. (2005) 
and Skibba et al . (2008) show that galaxies of the same 
colour do not show significant residual environmental de- 
pendence, while colours of galaxies of a given (similar) 
morphology still show environmental dependence. 

This work has clearly demonstrated that, whatever 
physical processes are involved in the general transfor- 
mations that are occuring in the galaxy population since 



z ~ 1, especially around the transition or crossing mass, 
these processes are evidently much more effective in 
groups than outside of them. The transformation rate 
outside of groups is by no means zero, but might be lower 
than we have estimated because of residual contamina- 
tion of the non-group population by group galaxies, as 
discussed above. 

Our physical interpretation of the shorter timescales 
that we attribute to the colour and/or star- formation 
transitions, compared with those of the morpholog- 
ical transformations, is hindered by the uncertainty 
about whether the timescales involved are the physi- 
cal timescales of the transitions (i.e. where tp ~ trj), 
or what we have called the statistical timescales (where 
tp <Si tg ^ tri), as discussed in the Introduction. If deal- 
ing with prompt phenomena which have the same phys- 
ical timescale, e.g. say the merging of galaxies, then we 
would want to interpret the difference in terms of dif- 
ferent rates of this event, e.g. different merger rates. 
On the other hand, in the case of longer term processes, 
such as strangulation, the difference would be more nat- 
urally interpreted in terms of the speed with which the 
given process acts. Regardless, the fact that the trans- 
formation timescales vary rather strongly with galactic 
mass and with group/non-group environment, and also, 
but less strongly, with transition type, points towards a 
picture where a variety of physical processes may be in 
operation. 

The current sampling in the 10k zCOSMOS is about 
30% on average, which is not sufficient to meaningfully 
split the population of the group galaxies into central and 
satellite galaxies, because two-thirds of the central galax- 
ies will not have been observed spectroscopically. This 
will be much easier as the spectroscopic completeness 
doubles in the final 20k sample, especially if we use also 
the high quality photometri c redshifts. Comparison with 
the mock group catalogue (jKnobel et al.l 120091 1 suggest 
that both group and non group samples (defined using 
Mb < —20.5 — z) are dominated by central galaxies. 

6. CONCLUSIONS 

We have used the sample of ~ 8500 zCOSMOS galaxies 
with reliable and accurate spectroscopic redshifts (uncer- 
tainty ^ 110 km s~^) to study and compare the evolu- 
tion of galaxies in 0.1 < z < 1 within and outside group 
environments. 

We have first specifically studied the role of group en- 
vironment in the morphological transformation of galax- 
ies. We have measured the evolution of the morpholog- 
ical mix of galaxies (split into two broad types: early 
and late) for well defined sets of luminosity- and mass- 
complete samples of galaxies and groups. 

1. In the luminosity complete samples, the fraction 
of early type galaxies is higher for galaxies with higher 
_B-band magnitudes. There is a systematic increase in 
the fraction of early type galaxies in the group and field 
environment since z = 1. The build-up of the early type 
population depends on Mb and environment: brighter 
early type galaxies are formed before the fainter early 
type galaxies, while early- type galaxies of a given i3-band 
magnitude appear earlier in the group than in the field 
environment. 

2. There is some indication within the group popula- 
tion that the fraction of early types increases with the 



20 



group richness and velocity dispersion, at least at red- 
shifts z < 0.65 and for Mb < - 19.5 - z. 

3. Mirroring the analysis in iBolzonella et al] (120091 ) . 
the stellar mass function exhibits a different shape for 
samples of galaxies in different environments (groups, 
field and isolated) at least up to z ~ 0.7. The stellar 
mass function shows an upturn at low masses and red- 
shifts in the group environment and more assive galaxies 
preferentially reside in the groups. The characteristic 
shape of the stellar mass functions in the group or for 
the isolated galaxies reflects the different relative contri- 
butions of galaxies of different types (e.g. early and late) 
in different environments. Due to this mass function dif- 
ference, the environmental effect on galaxian properties 
must be examined in narrow bins of stellar mass. 

4. Looking at narrow mass bins, there is again a 
systematic build-up of early type galaxies with stellar 
masses below ~ 10^"'^ Mq since z = 1. At a given cos- 
mic time, the fraction of early type galaxies in a given 
environment increases with stellar mass ( "morphological 
downsizing"). For galaxies with masses below ~ 10^^ 
Mq, the fraction of early type galaxies (at a given stel- 
lar mass) is always higher in the group than in the field 
environment, which is higher still than in isolated galax- 
ies. Galaxies with masses above ~ 10^^ Mq show little 
evolution since z — I, having a roughly constant fraction 
of early types of ~ 0.7 — 0.8 in both the group and field 
environments. 

5. The build-up of early type galaxies, as quantified 
by the "crossing mass" (where the population is split 
equally between early and late type galaxies), shifts to 
lower masses as cosmic time passes. There is a clear en- 
vironmental dependence on the rate of change of cross- 
ing mass, such that, at fixed stellar mass, the type- 
transformation happens first for the population of group 
galaxies, then for the field galaxies and finally for the 
sample of isolated galaxies. As time progresses, the cross- 
ing mass for morphology diverges between the three en- 
vironents. At z ~ 0.5, the net effect of the group envi- 
ronment is equivalent to about 0.2 dex in stellar mass, 
or 2 Gyr in cosmic epoch. 

Broadening our analysis to compare directly the nor- 
malised transition rates in morphology with those involv- 
ing galaxian colour and star-formation activity, we find 
the following additional points: 

6. The normalised transformation rates are systemat- 
ically higher in the groups than outside, by a factor of 
~ 2 or, correcting for infall and the appearance of new 
groups, by a factor of upto 3 — 4. The rates reach val- 
ues, for masses around the crossing mass lO^"'^ M©, as 



high as 0.3 - 0.7 Gyr^^ in the groups, implying transfor- 
mation timescales of 1.4 - 3 Gyr, compared with less than 
0.2 Gyr~^, i.e. timescales > 5 Gyr, outside of groups. 

7. In the group environment the transformation rates 
clearly decrease with stellar mass above 10^°'^ Mq, and 
we infer they must also drop at the lower masses below 
10^° Mq that are not presently accessible by our spec- 
troscopic data. 

8. The transformation rates are consistently higher, 
by about 50%, for those transformations involving star 
formation and colour, than for those involving morpho- 
logical changes. Although these rate/timescale differ- 
ences are not trivial to interpret (mostly because of un- 
certainties in the physical processes involved), they sug- 
gest faster star-formation quenching than morphologi- 
cal transformation, and indicate a tighter relation be- 
tween the environment and star-formation related pro- 
cesses than with morphology-dynamical processes. 

8. A clear and important conclusion is that, what- 
ever their physical origin, those transformational pro- 
cesses which have driven the evolution of the galaxy pop- 
ulation (around the characteristic transition or crossing 
mass of lO"'^^'^ -^0) since z ^ 1, occur faster, or more 
efficiently, in the group environment, by a factor of order 
3. Although the transformation rate is not zero outside 
of groups, this suggests that the group environment has 
played a very significant role in driving the evolution of 
the overall population. 

The next step in the analysis will involve the forth- 
coming higher sampled 20k zCOSMOS catalogue. This 
will not only increase the group sample by a factor of 2.5 
or so, but will also allow (together with improved photo- 
z) a much better discrimination between the central and 
satellite galaxies within the groups themselves. This will 
allow a more direct study of their properties (e.g. mor- 
phologies, colours, star-formation rates) which will put 
stronger constrain on the transformation mechanisms - 
both the type of processes and their timescales. Uti- 
mately, this will provide an answer whether the lifepaths 
of a galaxy are really different depending on if a gal axy is 
centr al or satellite (e.g. Bower ct al. 2006; Croto n et al.l 
|2006[) , or if the differences between the centrals and sa tel- 
lites should be more gradual (e.g. ISimha et al.ll2008f l. 
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